
Non-SUSY Exotics Searches at the Tevatron
Ben Brau (University of California, Santa Barbara)
for the CDF and D0 Collaborations

Les 21st Recontres de Physique de la Vallee d’Aoste
La Thuile, Aoste Valley, Italy
March 9, 2007



Benjamin Brau La Thuile, March 9, 2007

Overview

• Tevatron, CDF & DØ

• Model-inspired searches

• Theory driven

• Standard model and new physics known; optimize for sensitivity.

• Extra Dimensions, Extra Gauge Bosons (Z’, W’), New quarks (b’), 
Leptoquarks

• Signature-based searches

• Final-state driven

• Standard model is known. Look for any deviations everywhere

• Because we can

• Today: Emphasis on 1 fb-1 results

• Outlook
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Tevatron Performance

• DØ and CDF each have >2 fb-1 recorded; expect 4-8 fb-1 by 2009

• Records: Initial Luminosity: 292.3 ×1030 cm-2s-1
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2 fb-1 To Tape!

Today: results with 0.9-1.3 fb-1
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D0 and CDF Detectors

• Multipurpose Charged Tracking Spectrometers with Microstrip Silicon Vertex 
Detectors, Electromagnetic and Hadronic Calorimetry and Muon chambers.

• Reconstruct e,µ,τ,γ,jets,b-jets, missing ET (MET)
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Extra Dimensions 

Extra dimension models provide a solution to the hierarchy problem

• Arkani-Hamed, Dimopoulos, Dvali (ADD)

• n compact extra dimensions; MPl2~RnMD
2+n

• Standard Model confined to a 4-dimensional brane

• Only gravity lives in full 4+n dimensional bulk

• Randall-Sundrum I (RS)

• Warped extra dimension(s), exponential warp factor solves 
hierarchy problem

• Two branes, TeV and Planck. Gravitons live everywhere, SM 
confined to TeV brane.

• Signature: High-Mass Graviton Resonances

• pp → Gn, mn ~ xn k/MPl
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CDF Gravity in Large Extra Dimensions

6/1/06 4

CDF Large Extra Dimensions

• LED proposed in the late 90’s as a

new solution to the hierarchy

problem

– n extra spatial dimensions where only

gravity can propagate

– Extra dimensions are compactified at

radius R

– Weakness of gravity due to being

diluted by volume of extra dimensions

• Effects observable at colliders

• We focus on the ADD model

Kevin BurkettMarch 10, 2006

Monojet Search for LED (ADD)
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Single high ET jet+MET

ET>150 GeV, MET>120 GeV

SM Backgrounds:

Z!!!+jets (irreducible)

W!l!+jets, QCD Dijets

Results:

265±30 events predicted

130±14 Z!!! 

113±13 W"l!

263 events observed

Direct Graviton Emission

Kevin BurkettMarch 10, 2006

Search for LED - Graviton Exchange

9

Three terms in cross-section: SM, interference, graviton:
!TOT = !SM + "!INT + "2!GRV  ("=F/MS4)

GRW 1

HLZ (n=2) log(MS
2/M) 

HLZ (n>2) 2/(n-2)

Hewett 2#/!

Conventions for F
D0 Analysis Strategy:

Use di-EM objects (ee+$$)

2D Fit to M and cos%*

Set Limits on " and convert to limits 
on model
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Search for Large Extra Dimensions:
Monojet + Missing ET

• Direct production qq→Gg, qg→Gq, 
gg→gG

• Jet ET>150 GeV, MET > 120 GeV

• Backgrounds: Z→νν+jets, W→lν+jets, 
QCD dijet.  Measured with data.

• Expected 819±71, Observed 779.
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Monojet Search for LED (ADD)
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Single high ET jet+MET

ET>150 GeV, MET>120 GeV

SM Backgrounds:

Z!!!+jets (irreducible)

W!l!+jets, QCD Dijets

Results:

265±30 events predicted

130±14 Z!!! 

113±13 W"l!

263 events observed

Direct Graviton Emission
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Search for Randall Sundrum Gravitons:
G→γγ

7

)2) (GeV/c!!m(
0 100 200 300 400 500 600 700

2
En

tri
es

/5
 G

eV
/c

-110

1

10

210

310
Diphoton Data

Total Background
 (Diphox)!!

!Jets faking 

!!"Search for X -1CDF Run II Preliminary, 1155 pb

γ

G

γ

• Direct search for a bump in γγ mass 
spectrum

• Data-based fake background 
estimation

• Randall-Sundrum Graviton limits

•  k/MPL=0.1, mG > 850 GeV

• Combination γγ +ee, 

• k/MPL=0.1, mG > 889 GeV
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Search for Randall-Sundrum Gravitons:
Combined ee,γγ

• ee and γγ are combined for maximum sensitivity

• Data-based mis-id background estimate

• For k/MPl = 0.1, mG < 865 GeV excluded at 95% CL
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Search for New Heavy Particles in Z0Z0

• RS Graviton Model: for mG = 500 GeV, 
k/MPl = 0.1 σ = 292 fb

• Four isolated very loose electrons

• Very clean; almost no background

• Expect 0.02, see 0 events with

 M > 500 GeV
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Search for Z’ →ee

• Many SM extensions introduce additional 
gauge bosons 

• Di-Electron Search in |η| < 3.0, 1.3 fb-1

• Dominant backgrounds from Drell-Yan, QCD

• Z’SM > 923 GeV
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Search for W’→eν

• Signature: >30 GeV e+, 0.7 < ET/MET < 1.3

• Main background is SM W

• Assuming SM Couplings to fermions, exclude mW’ < 965 GeV (95%CL)
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FIG. 4: The invariant mass of the excited electron decay particles e and γ for masses of (a) me∗ = 300 GeV and (b) 800 GeV.
These distributions were obtained by selecting the eγ combination closest to the searched mass. In (a), events with electrons
in the EC/EC topology as well as events where the photon is reconstructed in one of the EC’s are not included.

me∗ > 300 GeV all EC electron and photon combinations were kept, in order to maximize the acceptance and
keep the search as general as possible.

• For small excited electron masses the separation ∆R between the electron with lower transverse momentum
and the photon is a good quantity to separate signal from background (see Fig. 5). Again, the cut values were
optimized by comparing expected limits.

The final selection criteria are summarized in Table II.
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FIG. 5: The separation ∆R of the lower pT electron and the photon after all other cuts for (a) me∗ = 100 GeV, (b) 200 GeV,
and (c) 300 GeV. The selection criteria for me∗ = 100 GeV and 200 GeV are indicated by arrows.

Systematic Uncertainties

The reconstruction and identification efficiency for high pT isolated electrons is known to a precision of 2.5% per
electron. For photons, the uncertainty depends on the transverse momentum and varies between 3.5% for pT = 20 GeV
and 2.0% for pT > 30 GeV.

The uncertainties on the trigger efficiency are estimated as +0%
−3%

.
The normalization uncertainty due to the measurement of the integrated luminosity is 6.1% [8].
For the misidentification rate of photons by jets in the Drell-Yan sample a systematic uncertainty of 100% is taken,

which is still negligible due to the small estimated rate of this background.
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Search for Excited Electrons in eeγ

• Possible sign of compositeness

• Produced in contact interactions pp→ee’→eeγ

• Sets limit me’ > 756 GeV (95% CL) for compositeness scale Λ = 1 TeV
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FIG. 7: The limit on the compositeness scale Λ at 95% CL as a function of the excited electron mass.
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Search for second-generation leptoquarks
µνqq 

• Signature: μ+ 2 jets + MET

• Normalizes W+jets to data before LQ 
selection

• Sets limit mLQ > 214 GeV (95% CL) for 
β= 0.5
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µ+

c s
ν
MET

4

to be greater than 350 GeV.

• The MT (νjet1) transverse mass constructed from the four-vector of the leading jet (with respect to the transverse
momentum pT ) and the missing transverse energy is related to the reconstructed leptoquark mass and required
to be greater than 150 GeV.

• The invariant mass of the muon-jet combination which is closer to the assumed leptoquark mass, which we
refer to as the reconstructed leptoquark invariant mass (MLQ,reco), is required not to differ from the assumed
leptoquark mass (MLQ,gene) by more than 100 GeV: |MLQ,reco − MLQ,gene| < 100 GeV.
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FIG. 2: Comparison, after the preselection cuts, between the data (red dots) and the standard model expectation for the leading
muon (left plot) and jet (right plot) transverse momenta. The black squares describe the leptoquark signal, generated assuming
MLQ,gene = 200 GeV and β = BR(LQ → µ±q) = 0.5.
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FIG. 3: Left: Comparison between the data (red dots) and the standard model expectation for the MT (µν) transverse mass.
The black squares describe the leptoquark signal. Right: The reconstructed leptoquark invariant mass is required not to differ
from the generated leptoquark mass by more than 100 GeV. The plot shows this variable after the preselection cuts, and the
cuts on MT (µν), ST and MT (νjet1). On both plots, the leptoquark sample is generated assuming MLQ,gene = 200 GeV and β
= BR(LQ → µ±q) = 0.5.

The 200 GeV leptoquark signal sample has been used to optimize the selection cuts. The same cut values are taken
for all assumed leptoquark masses, except for the cut on the reconstructed leptoquark mass, since it depends on the
generated leptoquark mass. As we find the mass limit to be about 200 GeV, this hardly degrades the sensitivity of the
selection. The remaining number of data and background events, as well as the signal efficiency after each selection
cut are provided in Table II.
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LQ Samples Signal Efficiency SM Events Data Events σ95%CL
observed (pb) σ95%CL

expected (pb)
M = 160 GeV 0.039 ± 0.001 ± 0.004 6.2 ± 0.7 ± 0.8 7 0.20 0.19
M = 180 GeV 0.057 ± 0.001 ± 0.005 6.5 ± 0.7 ± 0.8 7 0.13 0.13
M = 200 GeV 0.079 ± 0.001 ± 0.007 6.4 ± 0.7 ± 0.8 6 0.086 0.093
M = 220 GeV 0.098 ± 0.001 ± 0.009 6.5 ± 0.7 ± 0.8 6 0.069 0.076
M = 240 GeV 0.110 ± 0.001 ± 0.010 6.2 ± 0.7 ± 0.8 6 0.061 0.065

TABLE III: Remaining number of background events, data events, and signal efficiencies, after all the cuts, and for all the
leptoquarks samples (first error is statistical, and second is systematic). The corresponding 95% upper cross section limits
(observed and expected) have been calculated with a bayesian calculator. The variations of the data remaining events and the
standard model expectations between the different leptoquark samples are due to the last cut (|MLQ,reco −MLQ,gene| < 100 GeV)
which depends on the generated leptoquark mass.

The observed upper cross section limit has been calculated for each signal sample, given the luminosity, the signal
efficiency after all cuts, the remaining number of background events, and the associated errors (see Table III). The
upper cross section bounds are compared to the NLO prediction of the leptoquark pair production cross section,
reduced by its uncertainty. We thus derive a lower limit on the leptoquark mass, assuming β = 0.5. The uncertainty on
the cross section includes the scale uncertainty (varied between 1

2
MLQ and 2MLQ) and the PDF uncertainty (evaluated

using the CTEQ6.1M error PDF sets). As shown in Figure 4, an observed mass limit of 214 GeV (corresponding
to an upper bound on the production cross section equal to 0.074 pb−1) and an expected mass limit of 210 GeV
(corresponding to an upper bound on the production cross section equal to 0.085 pb−1) have been obtained at 95%
confidence level for leptoquarks decaying into a muon and a quark with a branching ration of β = 0.5.

This measurement significantly improves over previous mass limits for scalar second generation leptoquarks. Previ-
ous best limits at β = 0.5 obtained in the µνjj channel are MLQ > 170GeV (CDF, Run II [10]) and MLQ > 160GeV
(DØ, Run I [11]), respectively. The previous best mass limits derived by combining the µνjj selection with both the
µµjj and ννjj channels are MLQ > 208GeV (CDF, Run II [10]) and MLQ > 204GeV (DØ, Run II [12]), respectively.
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FIG. 4: Comparison of the 95% upper cross-section limit with the theoretical prediction (LO and NLO). By considering the
lower errors of the NLO prediction, we can conclude that the mass of a leptoquark decaying to a muon and a quark can be ruled
out up to 214 GeV. The expected mass limit is 210 GeV.
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Z0 + X
• Interested in new physics that 

couples to Z0

• Using dielectron and dimuon

channels

• Study in the context of the 4th

generation model: b’ ! b Z

• Need to understand how to 

discriminate between signal and 

Standard Model

• Signal lies orders of magnitude 

below SM background

• Examining the Feynman diagrams, 

many discriminators come to mind

• Properties of the Z0

• Properties of the rest of the 

event

Benjamin Brau La Thuile, March 9, 2007

Search for b’ in Z+Jets

• Signature: pair-produced b’→bZ, Z→ll

• Signal region: 3 Jets with ET > 30GeV; 
discrimination in sum of jet ET (JT)

• Fit data in nJet < 3 bins; extrapolate to nJet ≥ 3 
signal region

• Method developed with MC

• Background method verified in W+jets by 
measuring t-tbar cross section
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Search for b’ in Z+Jets

• Look in data in Z+jets ≥  3 jet bin

• No excess observed; set limit mb’ > 271 GeV
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Signature-Based Search for High-pT Z
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Signature-Based Search for Dilepton + X
• Search for anomalous production of ll+X, 

with  X = γ, HT, MET, high ET jets, lepton

• Results in eμ and same-sign ee,μμ
• HT = ∑ET + MET

• Applied to BPT heavy quark model, hep-ph 
0206116

• σ < 2.1×σQ (90%CL) σQ=0.289pb, 
mQ=300GeV

• One event has HT=864 GeV; consistent with 
top dilepton + jets

• e µ j j j b MET

17

 Events (GeV)µ in eTH
0 100 200 300 400 500 600 700 800 900 1000

Ev
en

ts
 p

er
 2

0 
G

eV

1

10

210

 Events (GeV)µ in eTH
0 100 200 300 400 500 600 700 800 900 1000

Ev
en

ts
 p

er
 2

0 
G

eV

1

10

210 Data

!µ "W
## "Z
µµ "Z

top, Dibosons

)-1CDF Run II Preliminary (929 pb

≥2 jets eµ
Same sign

ee/µµ

SM 2.9±1.5 1.5±0.8
Data 2 0

Search
Region



Benjamin Brau La Thuile, March 9, 2007

Signature-Based Search for γγ+e/µ/γ/MET

• Motivated by Run I ee+γγ+MET event

• No significant excess seen

• No ee+γγ events seen
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Signature-Based Search for lγMET and llγ

• Searches for lγMET and llγ

• Backgrounds from Wγ,Zγ

• No significant excess 
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Figure 2: On the top: the decay of the heavy particle into a photon and a gravitino.
It takes the photon more time to reach the detector compared to the photon from the
collision point. On the bottom: A toy Monte Carlo signal simulation of the Standard
Model background and the signal. The green shaded region is the Standard Model,
and the photon corrected time is normalized to the expected time of arrival, thus it
is zero and smeared by the timing resolution (0.65 ns). The yellow is the expectation
from GMSB SUSY and has a significant fraction of the events which are well separated
from zero, as expected from the neutralino decaying in flight.
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Search for Delayed Photons	

• Some models predict long-lived 
particles

• Conventional searches assume 
prompt decays

• Use EM Timing system (installed 
mid Run-II)

• Signal region 2 < t < 10 ns.

• Expect 1.3±0.7, Observe 2.
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Benjamin Brau La Thuile, March 9, 2007

Search for CHAMPS

• Many extensions of SM predict 
Charge Massive Stable Particles

• Signature: slow, highly ionizing, 
penetrating (looks like muon)

• Use time-of-flight (TOF) system to 
measure particle velocity

• Reconstruct mass from v and p

• Model-independent limits: for CHAMP 
fiducial to TOF, 0.4<β<0.9, 
40<pT<420,

• σ<48 fb if interacts with hadrons

• σ<10 fb if no hadronic interactions
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Model-Independent Algorithmic (Vista+Sleuth)
• Classify events by their object content (final state)

• Simulate standard model with Monte Carlo

• Global fit to extract correction factors (luminosity, k-
factors, mis-id rates, trigger efficiencies, jet energy scale)

• Look for anomalies in distributions (bulk)

• Look for excesses in high sum ET distributions

• Assumes NP will be at high sum ET and appear as an 
excess

• Order final states by how discrepant they are

• Flag interesting states for further study

• Iterative procedure to identify and account for detector 
effects

• Sensitivity to new physics depends on details of final 
state

• Provides a safety net to avoid missing the obvious

• 1 fb-1 result expected soon
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Outlook

• DØ and CDF are searching for many models and signatures of new physics

• No evidence of NP observed yet in Run II

• Both experiments have now recorded 2 fb-1

• Should soon have results with ~double the data

• Most of expected Run II data still to be collected and analyzed  

• Surprises could be just around the corner
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Back-Up
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Search for Z’ in ee 
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